Uteri from non-pregnant and pregnant (Days 1-10) mice were examined for the presence of NADPH diaphorase (NADPH-d) activity by histochemical techniques. Macrophages positive for NADPH-d were observed in all uterine sections but appeared to migrate out of the implantation site and cluster in the mesometrium and interimplantation zones beginning on Day 4. NADPH-d activity was seen in the luminal and glandular epithelium and in several isolated fibers coursing through the myometrium. Many branches of the uterine artery also expressed activity, with the most intense staining in the vessels of the mesometrium. However, the most remarkable staining began on Day 6 within the primary decidual zone. When the stromal cells underwent decidualization, they began to show NADPH-d activity, with the pattern of activity matching the expanding area 1053
Introduction
Approximately 4.5 days after copulation the mouse uterus initiates a process called decidualization. In response to the implanting embryo, the stromal fibroblasts undergo the decidual cell reaction (DCR), characterized by proliferation, increased protein synthesis, a dramatic change in morphology, including lipid and glycogen accumulation, and modification of cell junctions and the extracellular matrix (reviewed by Abrahamsohn and Zorn, 1993) . Rapid growth of the decidua continues for several days, radiating out from the site of implantation and encompassing most of the endometrial stroma. A DCR can also be artificially induced in pseudopregnant mice, with the resulting deciduoma resembling a natural decidua in many respects. The mature decidua comprises the Correspondence to: Dr. Gary L. Nieder, Dept. of Anatomy, Wright Stare U. School of Medicine, Dayton, OH 45435. 27, 1995 and May 22, 1995; accepted June 3, 1995 (4A3 68). of decidualization. By Day I) most of the decidual cell reaction had occurred and the mesometrial decidual staining began to decrease. However, the blood vessels and the cells surrounding the developing blood spaces continued to express activity, and heavy staining was evident within the antimesometrial decidua. No NADPH-d activity was seen in any of the trophoblast cells at any time, or in embryonic tissue, except on Day 8. NADPH-d has been used to identify nitric oxide (NO) synthase. Therefore, it may represent an NOmediated paracrine control over decidual blood flow, myometrial quiescence, or immune response during pregnancy. ( J Hisrochem Cyrochem 43:1053 -1060 , 1995 KEY WORDS: NADPH diaphorase; Nitric oxide synthase; Implantation; Uterus; Decidua: Mouse. maternal portion of the placenta, the functions of which include providing the maternal vascular supply to the placenta, immunoregulation, and hormone production. As decidualitation is occurring, the embryo attaches and invades into the endometrium (Blankenship and Given, 1992; Welsh and Enders, 1991) . Some of the trophoblast cells invade and disrupt maternal blood vessels, which leads to the initial establishment of placental circulation. The non-invasive trophoblast cells, developing in the ectoplacental cone, will set up the placental labyrinth and establish the bulk of the fetal placenta (Miintener and Hsu, 1977) .
Recently, the occurrence of NADPH diaphorase (NADPH-d), an enzyme activity characterized by NADPH-dependent reduction of electron acceptors such as tetrazolium salts in the absence of additional substrates, has been demonstrated in non-pregnant rat uteri and in decidual tissue during the second half of pregnancy (Suburo et al., 1995; Natuzzi et al., 1993) . NADPH-d is not a specific entity but is an activity common to a group of oxidoreductases (Stowd et al., 1991) . One of these is nitric oxide synthase (NOS) which converts L-arginine to L-citrulline with nitric oxide (NO) as the second product. NO has many important effects in a variety of tis-MOORHEAD, LAWHUN, MEDER sues, including vasodilatation, relaxation of non-vascular smooth muscle, inhibition of platelet aggregation and adhesion, inhibition of leukocyte adhesion and rolling, neurotransmission, and mediation of macrophage cytotoxic effects (Schmidt and Walter, 1994; Nussler and Billiar, 1993; Moncada et al., 1991) . Many studies have shown that the NADPH-d histochemical reaction co-localizes with the NOS protein (Kristoffersen and Ulvestad, 1994; Nakos and Gossrau, 1994; Norris et al., 1994; Spessert and Layes, 1994; Dawson et al., 1991; Hope et al., 1991) , and therefore this reaction has been extensively used as a marker for the various types of NOS (Conrad et al., 1993; Myatt et al., 1993; Natuzzi et al., 1993; Shew et al., 1993; Ursell and Mayes, 1993; McNeill et al., 1992) . The purpose of the present study was to determine the temporospatial distribution of NADPH-d activity in the uterus and trophoblast during the first 10 days of pregnancy and during an artificially induced DCR as an indicator of the potential involvement of NOS in early pregnancy.
Materials and Methods
Animals. Virgin female ICR Swiss mice (Harlan Sprague-Dawley; Indianapolis, IN) were used. Animals were housed under a 14 hr lightl10 hr dark cycle with food and water available ad libitum. To obtain timed pregnancies, females were mated with fertile males and the morning on which the vaginal plug was found was designated as Day 1 of pregnancy. Uterine samples were obtained from non-pregnant mice (stage of the cycle was not determined) and on Days 1-10 of pregnancy. The mice were sacrificed with an overdose of pentobarbital (100 mg/kg) and samples of uteri were removed and immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 24 hr, followed by 30% sucrose in 0.1 M PBS for 48 hr. The samples were embedded in OCT embedding compound (Tissue-Tek Miles, Elkhart, IN) and sectioned to 15 pm at -20°C on a cryostat. then thaw-mounted to electrostatically charged slides (SuperfrosdPlus; Fisher, Pittsburgh, PA). Any slides containing tissue that were not used immediately were stored at 4°C until needed.
In addition to samples of non-pregnant and pregnant uteri, the artificially induced DCR in pseudopregnant uteri was also examined. Virgin female mice were mated with vasectomized male mice. At 1600 hr on Day 4 of pseudopregnancy, the mice were anesthetized with 50 mg/ml pentobarbital, and peanut oil (10 pl) was injected into the lumen of the uterus near the oviduct to induce decidualization of the stromal cells (Baker, 1991) . The mice were sacrified 48 hr after the intraluminal injection and uterine samples were prepared as described above.
NADPH Diaphorase Histochhuy. To demonstrate NADPH-d activity in cissue sections, reduced nicotinamide adenine dinucleotide (NADPH; Boehringer Mannheim, Indianapolis, IN) was reacted with nitroblue tetrazolium (NBT; Sigma, St Louis, MO) to produce the water-insoluble dye NBT formazan (McNeill et al., 1992) . Slides containing the various sectioned uteri were rehydrated in 0.1 M phosphate buffer (pH 7.4) for 10 min. The tissues were then incubated in a solution of 1 mg/ml NADPH, 0.25 mg/ml NBT, and 0.3% Triton X-100 at 37°C in a moist environment to prevent dehydration. The slides were allowed to incubate for 1 hr. The reaction was halted by rinsing the slides in two consecutive 10-min washes in phosphate buffer. Specificity of the NADPH reaction was confirmed by running control reactions in the absence of NADPH. All uterine samples were assayed in parallel and at least three complete sets of samples were examined. Reported observations were consistent in all of the samples from a given day of pregnancy.
Results
The non-pregnant and Day 1-5 pregnant uteri exhibited similar patterns of NADPH-d activity (Figures la-lg) . The non-pregnant uterus showed NADPH-d activity in several cells bearing the morphological characteristics and distribution consistent with macrophages. The NADPH-d-positive putative macrophages were located within the mesometrial, myometrial, and deep stromal connective tissues. Some of the branches of the uterine artery ahibited NADPH-d activity, with the greatest activity within mesometrial vessels. The luminal and glandular epithelia also displayed some NADPH-d activity, the glandular staining being lowest on Days 1-3 ( Figures  Ic-le) . NADPH-d-positive macrophages appeared more numerous between Days 1-3 and were scattered throughout the layers of the uterus. More NADPH-d-positive macrophages were apparent in the myometrium beginning on Days 4 and 5 ( Figures If and Ig) . The activity within the vasculature and in the luminal and glandular epithelium was similar to that in the non-pregnant uterus. It should be noted that thin NADPH-d-positive fibers could be seen within the myometria and mesometria of the non-pregnant and the pregnant uteri on Days 1-5 ( Figure Id) . The fibers had a thin, "string-like'' appearance with punctate regions of activity.
The appearance of NADPH-d activity in the uterine stromal cells began on Day 6 within the region of the primary decidual zone (Figures 2a and 2b) . Activity was localized in uterine decidual cells, whereas no activity was apparent in the embryonic tissues. Few macrophages were present in the primary decidual zone or later in the secondary decidual zone. Sections made farther from the implantation site, where decidualization had not occurred, did not show any stromal cell activity but did show NADPH-d-positive macrophages. Similar results were seen in Day 7 and 8 uterine sections, with the highest levels of activity located on the anti-mesometrial side (Figures 2c and 2e ). As the DCR continued to spread away from the implantation site and began to include the mesometrial stroma, the cells demonstrating NADPH-d activity increased in number, paralleling the decidualization pattern (Figures 2a, 2c , and 2e). No activity was observed within the conceptus on Day 7, but the Day 8 conceptus exhibited some activity dispersed throughout the tissue (Figures 2d and 2f ). Longitudinal sections through adjacent implantation sites revealed a decrease in luminal epithelial activity within the interimplantation zones (Figure 2g ). NADPH-d-positive fibers were also still present within the myometrium and mesometrium.
By Days 9 and 10, most of the activity within the mesometrial decidual cells had decreased (Figures 3a and 3d) , with the greatest intensity remaining at the interface with the trophoblast cells (Figures 3b and 3f ). There was no activity in the trophoblast giant cells or in trophoblast cells of the developing labyrinth and junctional zone on Day 9. The cells surrounding several of the developing maternal blood spaces demonstrated intense NADPH-d activity (Figure 3b ). Anti-mesometrial decidual cells continued to display high levels of NADPH-d activity (Figure 3e) . The myometrium and the mesometrium were clear, except for some activity in the endothelial cells lining the branches of uterine artery (Figure 3c ) and in NADPH-d-positive fibers. Most NADPH-d-positive macrophages were found in the interimplantation zones along with positive blood vessels. Me, mesometrium; 8, blood vessels; arrowhead, macrophages; thin arrows, nerve fibers. The non-pregnant uterus (a) shows heavy staining of the glandular epithelium. NADPH-d-positive macrophages are found in the deep stroma, myometrium. and mesometrium. Intense staining is present in the branches of the uterine artery as it courses through the mesometrium (b). The number of NADPH-d-positive macrophages appears to increase, while the glandular staining is decreased, on Days 1-3. As gestation continues, an increase in staining is apparent in the blood vessels on Days 2 and 3. Note the NADPH-d-positive nerve fibers adjacent to the mesometrial blood  vessels (d,e) . The heavy glandular staining returns by Day 4. There is no staining of fibroblast-like stromal cells in either the non-pregnant or the Day 1-5 pregnant uteri. Bars: a,c,d-g = 80 pm; b = 410 vm. stroma; B, blood vessels; T, trophoblast; D. decidua: C. conceptus; E. embryo: N. non-implantation site. Heavy staining is seen in the region of the decidualizing stroma beginning on Day 6. The staining is more Intense on the anti-mesometrial side. The mesometrial blood vessels continue lo express high levels of activity (b). There is no apparent staining of the trophoblast cells (d,f). However, the embryo does show slight activity on Day 8. The epithelium appears to decrease in intensity outside of the implantation sites (9). Bars: a,c,e = 410 pm: b,d,f,g = 80 wm. (1) Day 10, increased magnification of the right outlined area in d. E. blood vessels; T. trophoblast: E, embryo: *, anti-mesometrial decidua. By Day 9 and 10, most of the mesometrial decidual staining has decreased, but the anti-mesometrial staining remains very intense. No staining is seen in any of the trophoblast cells (b,e,f). On the mesometrial side of the decidua, the blood vessels and the decidual cells adjacent to the trophoblast cells show slightly higher activity than the rest of the mesometrial decidua (b,f) . Ears: a,b,d = 410 pm; c = 40 pm; e,f = 80 pm.
The uterine sections of the pseudopregnant mice undergoing an induced DCR exhibited a similar pattern of activity to the corresponding respective day of pregnancy. NADPH-d activity was present within some blood vessels, fibers in the myometrium, macrophages, and those stromal cells that had undergone decidualization (Figures 4a and 4b) . The level of activity was greater surrounding the developing blood spaces than in the underlying stromal cells for more advanced DCRs, and matched the pattern of the pregnant uterus.
The control experiments were run without NADPH and showed a 8 '
?. ' . no NADPH-d-positiw macrophages, fibers, blood ~sscls, or dccidual cells compared with sections developed in parallel with NADPH (Figure 4c ).
Discussion
In the non-pregnant uterus and on Days 1-5 of pregnancy. NADPH-d activity was seen in cells that will be referred to as macrophages, since their distribution in the uterus throughout gestation correlates with previous descriptions of uterine macrophages (McMasrer et al., 1992;  De et al.. 1991; Stewart and Mitchell, 1991) . and it is known that activated macrophages exhibit NADPH-d (Nusslcr and Billiar, 1993) . Shortly after mating, the number of active uterine macrophages increases, as assessed by cytokine production by McMaster et al. (1992) . More NADPH-d-positive macrophages were apparent on Day 1 compared to the non-pregnant uterus. so the present results are consistent with a post-mating activation of macrophages in the endometrium (McMaster et al.. 1992 ; De et al.. 1991; Stcwart and Mitchell. 1991) . Although NADPH-d-positive macrophages were present during Days 1-10. the cells became confined to the interimplantation regions, the deep undccidualized stroma. myometrial layers. and the mesometrium as decidualization progressed. There also appeared to be an overall decrease in the number of positive cells by Day 4. This may be due to migration of the cells away from the implantation zones, or the macrophages present stopped producing NADPH-d. The role of macrophages in the uterus and placenta may be related to regulation of the immune system or blood flow into the uterus (Mizuno et al., 1994; Hunt. 1990 ).
The NADPH-d activity within the uterine epithelium and glands is similar to that described in rats by other investigators (Natuzzi et al., 1993; Shew et al., 1993) . Interestingly, the highest level of activity within the luminal epithelium was at the site of implantation. The epithelium in the interimplantation regions. where dccidualization docs not occur, demonstrated low lcvclr of NADPH-d activity, suggesting that either the decidualization process or the presence of the embryo is important for the presence of the epithelial NADPH-d activity. In addition to the epithelial involvement, Shew et al. (1993) and Suburoct al. (1995) observed activity in the terminal nerve endings of the uterus, including fibers immediately deep to the epithelium. The NADPH-d-positive fibers observed in this study had a cellular appearance identical to the nerve fibers described by Shaw er al. (1993) and Suburoet al. (1995) . However, the fibers appeared to be confined to the myometrium and mesometrium.
Previous studies have demonstrated NOS-mediated vasodilatation of the canine and guinea pig uterine arteries (Kimura et al., 1992; Wciner et al., 1992) . diaphorase activity in non-pregnant rat uteri (Suburo et al., 1995) , and NOS localization in the rat uterine vasculature during late gestation (Natuzzi et al., 1993) . In the present study, many branches of the uterine artery within mesometrium showed NADPH-d activity during the prc-implantation period. Thc intensity within the endothelial cells incrcascd as gestation continued, and it began to appear in more of the endothelial cells of the vessels, expanding throughout the branches of the artery. This suggests that some of the endothelial NOS may be inducible or under hormonal regularion. which has recently been suggested (Weiner et al.. 1994) . Additional endothelial activity was apparent by Day 8, surrounding most of the early maternal blood spaces of the labyrinth. NO produced by the endothelium may stimulate relaxation of the uterine vascular smooth muscle (Allen et al.. 1994; Ramsay et al., 1994;  Chu and Beilin, 1993;  Gude et al.. 1992 ; Moncada et al., 1991) . increasing the blood flow to the developing placenta. NO also inhibits the aggregation and adhesion of platelets (Weber et al., 1993) . The local production of NO may be critical to the prevention of thrombus formation within the placenta. since maternal blood spaces within the labyrinth are partly lined by trophoblast cells, which may interact with maternal platelets and result in thrombus formation.
The most striking aspect of NADPH-d activity occurred in the developing decidua. Activity was evident by Day 6 in the primary decidual zone and extended along with the growing decidua. Uterine sections distant from the primary decidual zone did not show any stromal cell activity. Anti-mesometrial stromal fibroblasts begin to undergo transformation into decidual cells on Day 5 (Abrahamsohn and Zorn, 1993; Baker et al., 1992) , but NADPH-d was not found in the stromal cells until Day 6. As decidualization proceeded, activity was seen in the secondary decidual zone, with the most intense activity on the anti-mesometrial side of the developing decidua. The function of decidual NOS may be to assist the endothelial cells in maintenance of vascular smooth muscle relaxation or to inhibit platelet aggregation. The combined effects would promote blood flow through the placenta (Ramsay et al., 1994; Chu and Beilin, 1993; Gude et al., 1992) .
To examine the effect of the conceptus on the induction of NADPH-d in the uterus, a DCR was induced in pseudopregnant mice. Uteri from animals sacrificed 48 hr after the induction resembled Day 6 pregnant uteri. Samples of the DCR at other time points were examined, and the patterns of activity were also similar to their respective days of pregnancy. These results indicate that the conceptus need not be present for the decidua to exhibit activity. NADPH-d activity, interpreted as NOS, has also been reported in the rat decidua on Day 16 (Natutti et al., 1993) . Their study showed that enzyme activity decreased markedly in the decidua basalis by the time of parturition, and the authors and additional studies (Itumi et al., 1993; Shew et al., 1993; Yallampalli et al., 1993) suggest that uterine NOS from decidua, vasculature, or nerve fibers are involved in maintaining myometrial quiescence.
Diaphorase activity was observed within the trophoblast cells only on Day 8. This overall lack of activity within the trophoblast cells is in contrast to recent immunohistochemical studies in the human term placenta, in which NOS was found in the syncytiotrophoblast. It is not clear if trophoblastic expression of NOS does not occur in rodents or if it occurs only later in gestation. Determination of NADPH-d activity in the murine placenta during the remaining days of pregnancy in the mouse would help to answer this question.
Although there have been a few reported failures of NADPH-d activity and specific NOS activity to co-localize in tissue homogenates (Matsumoto et al., 1993) , many studies have found a good correlation between NADPH-d activity and NOS immunoreactivity. Therefore, NADPH-d activity has come to be regarded as a valid histochemical indicator of NOS in many tissues (Conrad et al., 1993; Myatt et al., 1993; Natuzzi et al., 1993; Shew et al., 1993; Ursell and Mayes, 1993; McNeill et al., 1992; Schmidt et al., 1992) . However, the correlation appears to require tissue fixation with formaldehyde. Although non-NOS NADPH-d activity is removed by formaldehyde fixation, this process does not appear to affect the NOS-related NADPH-d activity, suggesting that NOS is responsible for the activity observed during the present experiment (Nakos and Gossrau, 1994; Norris et al., 1994; Spessert and Layes, 1994; Matsumoto et al., 1993) . In addition, preliminary experiments in this laboratory have demonstrated NOS activity, as measured by [ 3H]-~-arginine conversation to [ 3H]-~-citrulline, in the decidualized uterus, further suggesting that histochemically identified NADPH-d is NOS. However, a detailed study of the localization of NOS by immunohistochemical methods or NOS mRNA by in situ hybridization is necessary to confirm this relationship in early pregnancy.
